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Abstract: This paper analyzed the pore structure, quantified the pore fractal dimension, calculated the grading index (GI) 
of mixed aggregate, and studied the relationship between gradation, pore structure, and strength to describe the cross-
scale characteristics of backfill, which is made from stone powder and cemented tailing. A series of experiments was 
conducted on stone powder cement tailings backfill (SPCTB). The GI formulas for mixed aggregates, containing stone 
powder and tailings, were derived based on the Füller theory. The NMR fractal dimensions of backfills were derived 
using fractal geometry principles. Compared to the mesopore and macropore fractal dimensions, the correlation between 
micropore fractal dimension and macro-properties in terms of NMR porosity, pore structure complexity, uniaxial 
compression strength (UCS), and GI was the most significant. Macropore fractal dimension was generally correlated with 
UCS and GI and the other properties such as the shape of mixed aggregates also have an impact on fractal dimension. 
However, mesopore fractal dimension had no obvious relationship with macro-properties. Finally, the relationship 
between GI and UCS was studied, which contributed to improving backfill’s strength and optimizing gradation.
Keywords: Cross-scale characteristics; Grading index; Fractal dimension; Nuclear magnetic resonance (NMR);
1 Introduction
As an additive to cement paste, stone powder can participate in hydration reactions, accelerate cement hydration, 
and induce the crystallization of cement hydrate products [1,2]. In many mines of China, cut and fill mining has become a 
mandatory mining method. As the filling material, backfill plays the role of supporting underground goaf and maintaining 
the stability of underground stope. Traditionally, backfill is made up of tailings, cement and water. However, the high 
cost of cement is a dilemma. The use of stone powder as a partial replacement for Portland cement and tailings as backfill 
aggregate materials in many mines can be an efficient, cost effective, and environmentally friendly solution to stone 
powder and tailings disposal. Many studies have shown [3-5] that pores, microstructure, and total porosity of porous 
materials are associated with capacity in terms of permeability, strength, durability, and other mechanical properties. It is 
well known that concrete is a highly disordered, multi-phase, porous heterogeneous material. During the hydration 
reaction and hardening process, structural defects such as pores and micro-cracks will inevitably form inside the concrete, 
which deteriorates the strength, durability, and pore structure. Some studies [6-8] have demonstrated that optimizing the 
aggregate grading is a good way to improve compactness and reduce the porosity of engineered concrete. Understanding 
the impact of micro-properties on mechanical of materials can help us to improve the quality of materials. However, few 
literatures involved in backfill materials. Consequently, it is necessary to investigate the relationship between pore 
structure and the mechanical properties of backfill materials. 
Many techniques have been applied to investigate the pore characteristics of concrete. In hardened cement based 
materials, the pores that form in different solid phases [9,11] can be studied using different methods (e.g., mercury intrusion 
porosimetry (MIP), nitrogen adsorption, and small-angle X-ray scattering (SAXS)). NMR has recently been shown to be 
an alternative and efficient tool for accurately quantifying the interlayer and gel pores (pore radius of 0-100 nm,
), capillary pores (pore radius of 100-10,000 nm, ), and fractures (pore radius of >10,000 2T 2.5 ms 22.5ms T 50 ms 
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nm, ) [12-17], because it can provide reliable information on pore size distribution and pore fluid saturation. In 2T >100 ms
addition, some studies [13, 18-20] have suggested that NMR is an effective method for nondestructively quantifying the 
full-range pore throat structure of rocks and concrete, compared to other technologies such as mercury intrusion 
porosimetry and N2 adsorption. Furthermore, NMR experiments have been performed on core plugs in the laboratory to 
provide guidance for interpreting NMR logs and the construction of petrophysical models. By assisting with NMR 
technology and modeling these pores, fractal theory can be used to describe the microstructure of backfill materials. 
Extensive literature [21-24] have evidenced that pore fractal dimensions (i.e., surface fractal dimensions) are 
significantly correlated with porous cement-based materials performance, such as permeability [22,25] and mechanical 
strength [22]. In particular, PORTENEUVE et al. [21] confirmed that hardened concrete pores have fractal features by 
studying three reactive powder concrete formulations using nuclear magnetic resonance (NMR). Previous studies [26-29] 
have proven that the pore structures of hard rock have fractal characteristics. Many researchers [30-33] have investigated 
the fractal characteristics of shale and coal using low-pressure N2 adsorption and NMR. Fractal theory, which uses a 
fractal dimension D to quantitatively analyze the uniformity of a pore network, has been considered to be an effective 
method to characterize the complex pore structure of porous materials, such as backfill. 
SHAO et al. [34] researched the pore network in tight gas sandstone using fractal analysis based on the NMR method. 
The study confirmed that fractal dimensions obtained using NMR method can be applied to characterize the tight 
sandstone pore network. JI et al. [35] characterized fractal pore structure and analyzed the fluidity and bleeding of fresh 
cement paste based on 1H low-field NMR. An original method for calculating surface fractal dimensions of fresh cement 
paste based on low-field magnetic relaxation was proposed for the first time. ZHOU et al. [33] investigated the fractal 
characterization of pore-fracture in low-rank coal using a low-field NMR relaxation method. This work confirmed that 
quantitative analysis with NMR can be used to acquire the sorption space fractal, seepage space fractal, and moveable 
fluid space fractal. All these researches considered the pores within porous materials as a whole. There has been little 
research that divides pores into different pore size to study the influence of pores in mechanical properties. The impact of 
pores on macro-mechanical varies with the pore size. In consequence, it is necessary to divide pores into three types 
including micropores, mesopores, and macropores, to study its impacts.
In this paper, a laboratory investigation of the microscopic feature and macro-mechanical properties of stone powder 
cement tailing backfills (SPCTB) was conducted. We analyzed mineral composition, particle size distribution (PSD) and 
physical properties. Proportion experiments and mechanics tests were conducted to obtain the uniaxial compressive 
strength (UCS) of SPCTB. NMR and SEM technology were then used to analyze pore microstructure, total porosity, and 
pore size distribution. Then a GI formula for mixed aggregates based on maximum density curve theory was derived, 
grading curves were plotted, and GI values for mixed aggregates were calculated. In addition, the fractal dimensions for 
SPCTB micropores, mesopores, and macropores were obtained based on the NMR results. Finally, the relationships 
between GI, fractal dimension, porosity, and UCS were discussed. The precise impact of pores structure on macro-
properties was elaborated, which contribute to learn mechanism of strength growth and improve strength by optimizing 
pore structure.
2 Materials and methods
2.1 Physical and chemical properties of the raw materials
The tailing samples used in the study were obtained from the Gaofeng mine in Guangxi province, China. The 
collected samples were divided into two types, i.e., A tailings and B tailings. Different types of tailings are produced by 
different beneficiation processes. Stone powder was obtained from the quarry around the Gaofeng mine (Fig. 1). The 
appearance and microtopography of the raw materials are shown in Fig. 1. The PSD of the tailings and stone powder were 
analyzed using a mastersizer 2000 from the Malvern Instruments Inc., UK (Fig. 2). The physical properties of the SPTCB 
are shown in Table 1; Table 2 and Fig. 3 show the chemical and mineral compositions of SPCTB using X-ray fluorescence 
(XRF) and XRD. The cement came from the Xinxing cement factory in Changsha and water used in the experiment was 
deionized.
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A-Tailings 3.49 1.24 0.128
B-Tailings 2.77 1.17 0.135












Fig.1 Appearance and SEM images (2000×) for stone powder and tailings.








O 34.7 44.38 CaO 57.6
Fe 23.1 12.66 SiO2 36.87
S 15.86 8.88 Al2O3 1.58
Ca 14.03 9.09 MgO 1.17
Si 4.48 16.24 Fe2O3 1.17
Mg 2.12 0.4 SO3 0.74
Others 5 7.87 Others 0.801

















d10 3.121 2.825 1.094
d50 25.243 63.246 16.639














Fig. 2 Particle size distribution (PSD) and particle size characteristics of stone powder and tailings from the Gaofeng mine in Guangxi province, China
cm2
m20
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Figure 3 Mineral composition of stone powder and tailings using XRD
2.2 Sample preparation
SPCTB is composed of cement used as adhesive material, stone powder to replace some of the cement, tailings as a 
kind of aggregate, and water. Stone powder can regulate particle size gradation, so it can also be considered to be an 
aggregate and in the remainder of this paper the mixed aggregate is made up of a mixture of stone powder and tailings. 
The design mix is shown in Table 3 according to engineering applications in the Gaofeng Mine. The design mix 
parameters of group A was the same as group B. A total of 48 samples were collected (six samples from each group) and 
raw materials were mixed in a cylindrical column mold of 50×100 mm, shown in Fig 4. Then the samples were cured at 
ambient temperature (20℃) and a relative humidity of 95% for 28 days. Finally, samples were taken out from chamber 
and three samples a group are used to carry out mechanical tests. Other samples were put in vacuum saturation equipment 
to saturate the samples. After the samples were saturated for 4 hours, the samples were taken out to conduct NMR tests. 
The mean values of test results were used for analysis.
Table 3 The design mix of SPCTB
Mass fraction/%





A/B1 56 30 0 14
A/B2 56 30 1.4 12.6
A/B3 56 30 2.1 11.9
A/B4
1:4 70
56 30 2.8 11.2
CTR: cementing material (cement and SP)/tailings ratio
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Figure 4 Experimental process including sample preparation, NMR, and USC testing
2.3 NMR Technology
The MiniMR-60 magnetic resonance imaging (MRI) analysis system was used for NMR testing. The system was 
manufactured by the Shanghai Niumag Electronic Technology Co., Ltd., China. The main magnetic field of the device 
was 0.51 T and the H proton resonance frequency was 21.7 MHz. The NMR total relaxation (T2) time is related to surface 
relaxation, loose relaxation of fluid procession, and diffusion relaxation caused by gradient fields. In water-saturated 
samples, the T2 relaxation time is directly proportional to pore size and the magnitude of the T2 curve directly reflects the 
porosity of SPCTB samples. The relationship between pore size and T2 time can be represented by a simplified equation:





The pore radius r is proportional to the pore throat radius, so Eq. (1) can be transformed into the following equation:






where ρ is the surface relaxivity strength (μm/ms); S/V is the surface area to volume ratio (specific surface area) of the 
pores (μm- ). r is the pore radius(μm); Fs is a geometrical factor (for the spherical pores, Fs=3; for the columnar pores, 
Fs=2) [18].
Because smaller pores have higher values of S/V, Equation (1) indicates that the relaxation rate of the protons in 
smaller pores is faster than in large pores. Consequently, the T2 relaxation time distribution of samples reflects pore 
structure distribution, with the smallest pores having the shortest relaxation time and the largest pores having the longest 
relaxation time. Consequently, NMR tests can be used to determine the distribution of macropores, mesopores, and 
micropores in SPCTB, which has the advantages of being non-destructive and repeatable.
In this experiment, three saturated samples were tested of each group and their mean values were used for analysis. 
The information of the CPMG sequence used in the study is as follows: RF signal frequency: SF=21MHz, single sampling 
point: TD=200170, repeat sampling interval: TW=3000ms, echo time interval: TE=0.1ms, number of echoes: 
NECH=2500, and cumulative sampling times: NS=16.
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3.1 Gradation curve of mixed aggregates
3.1.1 Maximum density theory (Füller gradation) of mixed aggregates
The maximum density curve theory was originally an ideal curve proposed by W.B. Füller, which is as follows:




where Px is passing rate of mixed aggregates, %; D is maximum particle size of mixed aggregates, mm; n is the GI of 
mixed aggregates.
The theory holds that when the GI n of mixed aggregates is 0.5, pore size is the smallest and compactness is highest, 
or the solid particle aggregate gradation curve should be similar to the parabola shown in the following equation:






For mixed aggregates, the passing rate of mixed aggregates Px can be expressed：
                                     (5)(1 )mx s tP rP r P  
where Pmx, Ps, Pt are the passing rates for mixed aggregate, stone powder, and tailings, respectively; particle size is d, %; 
r is stone powder content, %.
Thus the particle size curve of mixed aggregates can be written as follows:




Equation (6) can be used to determine the GI n of mixed aggregates under different stone powder contents. It is 
necessary to test the particle size gradation of each aggregate in advance to reduce the amount of work for different 
proportional experiments.
3.1.2 GI of mixed aggregates
The median diameters d50 of A and B tailings were 25.243 µm and 31.168 µm, respectively, which means the tailings 
were ultrafine. The median stone powder diameter d50 was 16.639 µm, so it belonged to the category of ultrafine particles. 
The non-uniformity coefficients (Cu) and the curvature coefficients (Cc) of A and B tailings were (14.56, 0.72) and 
(40.02, 0.71), respectively, indicating that the A tailings gradation was good while the B tailings had a wider range. 
According to Table 3, the cement stone powder ratios from A/B1 to A/B4 were 100:0, 90:10, 85:15, and 80:20, 
respectively. The particle size curves for mixed aggregates were plotted and GI was calculated using a nonlinear fitting 
method for each mixed aggregate (Figs. 5 and 6).
Fig. 5 Particle size curves for mixed aggregates and Füller curve (group A); Px is the passing rate of mixed aggregates; d is particle size; R2 is the correlation 
coefficient
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Fig. 6 Particle gradation curves for mixed aggregates and Füller curve (group B); Px is the passing rate of mixed aggregates; d is particle size; R2 is the 
correlation coefficient
Figs. 5 and 6 show that the particle size curves of the two mixed aggregates deviated from the Füller curve, and 
group B had the larger deviation. Compared with the Füller curve, the PSD curve for group A was not continuous and 
PSD ranges from 0 to 350μm. Fine particle content was very large and there were too few medium particles; in addition, 
there were no features for large particles. The PSD curve for group B exhibited more discontinuous behavior compared 
with that of group A; however, the particle size ranged from 0 to 1600μm, which resulted in high fine and medium particle 
content and hardly any large particles.
The GI values for group A mixed aggregates were 0.348, 0.34, 0.335, and 0.331, respectively, which were less than 
the Füller ideal GI value of 0.5, and GI decreased gradually with the increase of stone powder content. Because stone 
powder is made up of ultra-fine particles, this addition to the ultra-fine tailing further increased the fine particle content 
of mixed aggregates, which had a negative effect on the gradation. At the same time, GI values for group A and the better 
compactness range of 0.35~0.5 obtained by the Talbol theory were basically consistent.
GI values for group B were 0.257, 0.246, 0.241, and 0.236, respectively, which were less than the Füller ideal GI of 
0.5. Although the GI regularity in group B was the same as that of group A, the deviation was larger. Compared with 
group A, group B had a wider particle size range but they were mostly fine and medium sized, with scarcely any large 
particles, which resulted in a greater deviation from Füller’s ideal GI. The differences of stone powder content for groups 
A and B wasn’t so apparent that GI values didn’t change too much. However, the differences of GI values has an obvious 
impact on the UCS. This is the reason that the cross-scale characteristics have to take consideration of gradation.
In summary, the gradation of group A was better than group B, mainly reflected in the high fine particle content. An 
addition of stone powder would further increase the fine particle content, which would not be conducive to the maximum 
compactness of the mixed aggregate.
3.2 pore size distribution characteristics and porosity
The T2 relaxation time distributions for groups A and B are shown in Fig. 7. Samples in group A had three isolated 
peaks and samples in group B had three continuous peaks, which were defined as peaks 1, 2, and 3 from left to right in 
Fig. 7.
Mehta and Monteiro [36] referred to water in hardened cement slurry as chemically combined water (the water that is 
an integral part of the microstructure of various cement hydration products; interlayer water associated with C-S-H 
structure, and physically adsorbed water that is close to the solid surface. Under the influence of attractive forces, water 
molecules are physically adsorbed onto the surface of solids in the hydrated cement paste: capillary water is free from the 
influence of attractive forces exerted by the solid surface, and free water found in larger pores or cracks. The T2 relaxation 
time for chemically combined water in the hardened concrete was very short, and CMPG experimental technology could 
Page 7 of 22
http://www.tnmsc.cn






























































not acquire an NMR signal. Because interlayer water (single water molecular layer) and the physically adsorbed water 
have similar spatial dimensions, peaks formed by interlayer water and physically adsorbed water almost were coincided 
to form peak 1. 
Combined with the above analysis and previous studies [12-17], Jeheng measured the apparent transverse relaxation 
time of the chemically combined water in the backfill to be 12μm. Literatures also show that the value of T2 relaxation 
time of chemically combined water is very short, and the CMPG experiment cannot collect the signal of chemically 
combined water in the sample. Therefore, the four peaks of the T2 spectrum correspond to the NMR signals of interlayer 
water, adsorbed water, capillary water and free water. It can be seen from Eq. 2 that the T2 relaxation time is proportional 
to pore radius. The radius of the pores where interlayer water, adsorbed water, capillary water, and free water exist 
gradually increases. Thus the peaks of p1, p2, p3 and p4 were the signal generated by interlayer water, physical adsorbed, 
capillary water and free water. Water in different states is often found in pores with different spatial dimensions, so 
interlayer water and physically adsorbed water, capillary water, and free water were observed in micropores, mesopores, 
and macropores respectively, as shown in Fig. 9.
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Fig. 7 NMR T2 relaxation time distributions of SPCTB samples; T2 is the NMR total relaxation time; φN is total porosity of the sample.
The percent area of peak 1 in the T2 distribution was greater than 90% for all samples. Peak 1 was the main source 
for the relaxation signal, indicating that the primary pores in SPCTB were micropores. They may therefore have the most 
important effects on the macroscopic mechanical properties of SPCTB.
Three isolated peaks (i.e., some of the signal amplitude reaches zero) can be seen in Figs. 7(a), (b), (c) and (d), 
indicating that there was no direct connection channel between micropores, mesopores, and macropores. In other words, 
pore throats were not developed in SPCTB group A and samples were densely compacted. The relaxation time for peak 
1 was between 0.01 and 1ms, peak 2 was around 10ms, and peak 3 was between 100 and 1000ms. Meanwhile the signal 
amplitude for peak 1 from sample A1 was small, implying that internal micropores were not developed compared with 
other samples, which can be demonstrated by porosity. In addition, NMR porosity is proportionate to the amount of stone 
powder, indicating that the addition of stone powder increases the porosity of the material. This is due to the gradation of 
mixed aggregates (Section 3.1.2).
The relaxation peaks for group B were consecutive, implying that some pore throats connected pores with different 
sizes, especially micropores and mesopores. Thus the pores inside the group B samples were more developed with very 
complicated structure. The peak signal amplitudes in group B were three times higher than group A, evidence of a higher 
pore content in group B samples. The higher total porosity of group B was around 15%, which further proved this point. 
In addition, total porosity had a weak relationship with stone powder content in group B (Figs. 7(e), (f), (g) and (h)). 
3.3 UCS results
The average UCS values for the samples of groups A and B after 28d curing are shown in Fig. 8, along with error 
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Fig. 8. UCS of the samples after 28d curing 
The UCS values for Group A ranged from 1.4 to 1.65 MPa, and groups A2 and A3 with different stone powder 
content had almost the same UCS value of 1.5 MPa. Overall, UCS decreased with the increase of stone powder content. 
Similarly the UCS values for group B had a negative relationship with stone powder content and ranged from 1.1~1.4 
MPa.
The minimum strength requirement for engineering backfills in mines at 28d is 1.4 MPa. All samples from group A 
met this requirement, while only the B1 samples (backfills without stone powder) met the strength requirement in group 
B. In addition, the strength of group B1 without stone powder and A4 strength with 20% stone powder were basically the 
same, which resulted from the poor gradation of group B. The gradation of mixed aggregate therefore has an important 
impact on UCS.
3.4 Microtopography analysis 
The SEM images are shown in Fig. 9, which were used to analyze the microtopography of the samples. In the figure, 
Figs. 9(a) and 9(b) is groups A2 and B2, respectively, with images magnified 5000×.
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Fig. 9 Microtopography and pre-structure images; (a) is group A2, and (b) is group B2 with images magnified 5000 .
The differences of the pore structures inside the two samples can be clearly seen in the figure. In Fig. 9(a), only 
different pore sizes can be observed. The length and width of the macropores were about 10μm and 3μm, and for 
mesopores were about 5μm and 1μm. They were narrow and generally appeared separately, while dense micropores 
occurred inside the materials as a connective pores group. It is apparent in Fig. 9(b) that the number of pores significantly 
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increased, and mesopores and micropores clustered together to form a micro-meso-pores cluster. Finally, micropores and 
mesopores were developed and connected by pore throats to form a complicated structure.
4 Discussion 
4.1 NMR fractal characteristics of SPCTB
4.1.1 Fractal geometric expression and dimension of NMR T2 distribution
According to the fractal geometric principle [37] and reference [21], for hardened concrete the number of pores  ( )N r
larger than pore diameter in SPCTB satisfies the following power function:r
                                    (7) 
max( ) ( )
r D
r
N r P r dr ar  
where rmax is the maximum pore radius in SPCTB; P(r) is pore size distribution density; a is a proportional constant; D is 
pore fractal dimension.
By deriving r from Equation (7), the pore size distribution density function can be obtained as:
                                       (8)1
( )( ) DdN rP r r
dr
a  
where a’ = -Da is a proportional constant.
The cumulative volume of pores with size less than r can be expressed as:
                                     (9)
min
3( ) ( )
r
r
V r P r ar dr  
where a is a constant involved in pore shape (such as a cube of a=1 and a sphere of a=4π/3); rmin is the minimum pore 
radius 
Substituting Equation (8) into Equation (9) we obtain:
                               (10)33( ) ( )- minDDV r a r r    
Therefore, the total pore volume in SPCTB is written as:
                               (11)3 3( ) ( )max minD DminVs V r a r r
     
The expression for cumulative pore volume fraction Sv with a pore size radius smaller than  is as follows:r
                                     (12)
3 3
3 3










Because of , the Equation (11) can be simplified as:min maxr r=










Equation (13) is the fractal geometric expression of pore size distribution.
In the NMR experiment, the relaxation time T2 increased linearly with increasing pore size, so T2 was used to indicate 
pore radius. Combined with Equation (1), T2 is as follows:






where Fs is the geometric shape factor (spherical pores of 3 and columnar pipe pores of 2); 
According to the two Equations (13) and (14), Sv is as follows:












where Sv is cumulative pore volume/the total pore volume ratio with transverse relaxation time of less than T2. At this 
point, an approximate fractal geometric formula for the NMR T2 distribution can be obtained.
Taking the logarithm of the two sides of Equation (15):
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                            (16)2 2( ) ( ) ( )3 ( )3 maxlg Sv D lg T D lgT   
Equation (16) shows that if the pore structure of SPCTB has a fractal property, lg(Sv) and lg(T2) of NMR spectrums 
should have a linear correlation, which can be verified by graphic method or regression analysis. If there is a linear 
correlation, the fractal dimension and maximum relaxation time of the pore structure can be calculated according to 
coefficients of the regression equation. According to correlation coefficients given by the regression analysis, the degree 
of conformity of the pore fractal structure can be explained. The NMR fractal dimension can explain pore structure 
complexity.
4.1.2 Fractal characteristics of SPCTB
The relationship between NMR T2 relaxation time distribution and fractal characteristics is shown in Fig. 10 (using 
A1 as an example). 
Fig. 10 The relationship between T2 and fractal characteristics; the solid line in the Figure 10 is the T2 spectrum; the scatter is its corresponding fractal 
characteristics; is cumulative pore volume, or the total pore volume ratio with transverse relaxation time of less than ; and are the Sv 2T 2aT 2bT 2cT 2dT
cut-off times divided into three types.
Because the pore radius r distribution was not continuous, some amplitude values may have been missing over longer 
intervals, which means that amplitudes are of 0 or close to 0 on the NMR T2 spectrum. For example, the space between 
solitary peaks in group A had no corresponding pore radius r distribution (Fig. 7). NMR fractal theory was used to analyze 
the fractal characteristics of pores. Therefore, data points with amplitudes of 0 were discarded prior to correlation analysis. 
At the same time, the fractal characteristics of the three types of pores were clearly different and they were studied 
separately, by classifying the fractal dimension into macropores, mesopores, and micropores. According to Equation (15), 
the T2 spectrum in Fig. 7 was analyzed by regression. The fractal dimensions of the three pore types are shown in Table 
4 and Fig. 11. As shown in Fig. 10, T2a was the T2 cut-off time for micropores, T2b and T2c were for mesopores, and T2d 
was for macropores. When the peaks in the T2 spectrum were connected, the corresponding cut-off times coincided; 
similarly, the first and second peaks in Figs 7e, 7f, 7g, and 7h were connected, which meant that T2a was equal to T2b.
Table 4. Cut off times for micropores, mesopores, and macropores and fractal dimensions derived from NMR; K is the slope of the fitted line; D is fractal 
dimension; R2 is the correlation coefficient.
Micropores: T2<T2a Mesopores: T2a<T< T2b Macropores: T2b<T2
Groups T2a/ms T2b/ms T2c/ms T2d/ms
K D R2 K D R2 K D R2
A1 0.79 10.35 18.04 166.38 1.935 1.065 0.707 0.04 2.96 0.982 0.02 2.98 0.986
A2 2.46 5.54 14.65 38.72 1.897 1.103 0.87 0.018 2.982 0.977 0.026 2.974 0.95
A3 2.62 4.5 12.75 109.7 1.816 1.184 0.861 0.044 2.956 0.966 0.033 2.967 0.978
A4 0.91 5.94 16.83 144.81 1.744 1.256 0.862 0.044 2.948 0.966 0.033 2.957 0.978
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B1 6.37 — 31.44 47.69 1.363 1.637 0.769 0.016 2.984 0.945 0.016 2.984 0.987
B2 4.501 — 20.73 44.49 1.282 1.718 0.753 0.046 2.954 0.96 0.033 2.967 0.975
B3 3.65 — 14.65 95.48 1.171 1.829 0.755 0.052 2.948 0.986 0.047 2.953 0.996
B4 11.1 — 36.12 38.72 1.057 1.943 0.713 0.016 2.984 0.963 0.052 2.948 0.984
As shown in Fig.11 and Table 4, fractal dimensions for micropores in group A had a positive relationship with stone 
powder content, indicating that stone powder contributed to pore complexity. All correlation coefficients R2 were >0.7, 
which demonstrated that micropores in group A had fractal characteristics and the fractal dimension results were highly 
reliable. Because mesopores were capillary pores that provide space for water storage and hydration reactions during 
concrete hardening, they randomly formed between different samples after the end of the hydration process. Thus the 
mesopore fractal dimension slightly fluctuated with stone powder content, less in group A2 than others. Mesopore fractal 
dimension varied with stone powder content and decreased overall, indicating that stone powder had an effect on the 
complexity. In addition, the correlation coefficients for mesopore fractal dimension were greater than 0.95, which showed 
that the macropores and mesopores had strong fractal features.
The regulation of macropore, mesopore, and macropore fractal dimensions in group B was the same as in group A. 
Correlation coefficients R2 of micropore fractal dimension were >0.7, and for macropores and mesopores were greater 
than 0.94, which indicated that pores in group B also had strong fractal characteristics and the fractal dimensions obtained 
by regression analysis were reliable. However, the NMR micropore fractal dimension in group B was greater than group 
A, on average greater than 0.5, but the macropore fractal dimension was slightly less than group A. It can also be clearly 
seen in Fig. 9 that the pore structure of group B was more complicated and pore size distribution in group B was denser, 
forming groups of pores connected by throats. Because the mixed aggregates in group B contained fewer large particles 
and many fine particles, this resulted in a low filling rate between fine and large particles, loose structure, and high void 
complexity. The cross-sectional images in Fig.11 verify the fractal mathematical description of pore complexity.
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Fig. 11 NMR fractal characteristics with cross section images for all samples; the enlarged drawings for mesopores and macropores are shown at the top of each 
graph.
4.1.3 Relationship between NMR fractal dimension and porosity
The relationship between NMR fractal dimension and porosity of pores in groups A and B is shown in Fig. 12.















































Fig. 12 The relationship between NMR fractal dimension and porosity; Ds, Dm and Dl are fractal dimensions of micropores, mesopores, and macropores, 
respectively φN is NMR porosity; graphs (a), (b) and (c) represent micropores, mesopores and macropores, respectively.
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It can be seen from the figure that total NMR porosity and fractal dimension of micropores in group A were small, 
while group B values were larger. Although the fractal dimension and porosity of groups A and B were quite different, 
the regression equation y=18.413x-18.212 well described the relationship between the two. The correlation coefficient 
was 0.89, which was significant. This implied that the NMR fractal dimension had a positive relationship with total NMR 
porosity of SPCTB for micropores, which is irrelevant to the tailings properties and types. However, for mesopores and 
macropores, there was no obvious correlation between fractal dimension and porosity (Figs. 12b and 12c). When 
micropores in backfills accounted for more than 90%, the complexity of micropores increased and the number of pore 
throats increased correspondingly. In this case, the internal pore structure became loose and NMR porosity increased.
4.2 Cross-scale characteristics
4.2.1 Relationships between GI and NMR Fractal Dimension
We have seen that percentage of various particle sizes of mixed aggregates and compactness of SPCTB affected the 
pore size distribution, pore structure, and morphology. The regression analysis for GI n of mixed aggregates and NMR 
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Fig. 13 Relationships and regression analysis between grading index (GI) n of mixed aggregates and fractal dimension; (a) is for micropores; graph (b) is for 
macropores
NMR fractal dimension of micropores from groups A and B had a negative correlation with the GI of mixed 
aggregates. The correlation coefficient was 0.97, which indicated that the correlation was very strong and the fitted lines 
were reliable. Combined with the previous analysis (Section 3.1.2), group B had a wide PSD range but most particles 
were concentrated in a medium-fine size range, resulting in a decrease in the GI. Consequently, this decreased the 
compactness of SPCTB. In addition, many internal pores could not be completely filled and many irregular pores were 
formed, which made the pore structure complicated (Fig. 9). At the same time, the macropore fractal dimension was 
positively correlated with GI but the correlation coefficient for groups A and B was only 0.023, which meant that the 
relationship could not be well expressed by regression. In other words, macropore structure varied with tailing type. Thus 
the laws of the two groups should be analyzed separately. The relationship between GI and fractal dimension in group A 
was expressed as y=1.287x+2.534, R2=0.979; and for group B was y=1.748x+2.535, R2=0.979. In this case, the 
correlation coefficients for the two groups proved that GI had a reliable relationship with fractal dimension for each type 
of tailing. Additionally, under the same GI condition, the fractal dimension for group B was significantly higher than that 
of group A, which indicated that there must be certain properties aside from mixed aggregate gradation between groups 
A and B that had a considerable impact on fractal dimension. What’s more, when GI was close to 0, the macropore fractal 
dimension in group A was almost equal to that in group B. This meant that if mixed aggregate particle size was limited 
to ultrafine particles, other tailings properties would have no impact on fractal dimension. The reason why the tailings 
properties influenced macropore fractal dimension but not micropores was that the shape of large tailing particles in group 
B was rod and columnar (Fig. 1), so pores shaped by those particles were irregular with an uneven distribution. As a 
result, those pores were difficult to fill with smaller particles and formed many irregular smaller pores during the 
hardening process, which clearly increased pore structure complexity. Therefore, at the same GI value for groups A and 
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B, the fractal dimension of group B was significantly greater than that of group A. The shape of the tailings should 
accordingly be factored in the analysis of the relationship between graduation and fractal dimension. 
4.2.2 GI and fractal dimension on UCS


















































Fig. 14 The relationship between UCS and NMR fractal dimension; (a) represents micropores and (b) represents macropores
The relationship between UCS for groups A and B and NMR fractal dimension is shown in Fig. 14，which included 
the normal relationship between micropores and macropores. UCS was negatively correlated with NMR fractal dimension 
for micropores, so when the complexity of micropores increased, the UCS decreased. The fitted line was y=-
0.569x+2.221 and the correlation coefficient R2 was 0.885, which meant that there was a significant correlation, while 
there was no correlation with tailings properties. This was because when GI is small, gradation is poor and pores shaped 
by larger aggregate particles cannot be filled by smaller particles. This produces loose and irregular pore structure and 
increased porosity. During the SPCTB hardening process, therefore, there was damage to the pores that reduced SPCTB 
strength. Comparing the pore structure of groups A and B in Fig. 9, damage mostly occurred to micropores. The 
correlation coefficient between macropore fractal dim nsion and UCS was only 0.484, so there was not a strong 
correlation. This was because the macropores were isolated and discrete, which had less influence on strength than the 
micropores.















 Linear fit curve of group A























Fig. 15 The relationship between UCS and GI n of mixed aggregates
The correlation coefficients were all greater than 0.9, which indicated that there was a significant relationship 
between UCS and GI that could be properly expressed by the fitted lines. However, the rule for group A differed from 
group B; group A was y=21.64x-6.54; group B was y=8.47x-1.45. This meant that for the same GI value, the UCS of 
group A was significantly higher than that of group B. Like the previous analysis, group B contained a large number of 
rods and columnar particles, so aside for the influence of mixed aggregates gradation, the irregular shape of particles also 
loosened the microstructure of SPCTB, which reduced UCS. In addition, the strength increased in group A considerably 
faster than in group B, which may have resulted from the gradation and tailings properties. Because the relevant tests 
were not conducted, the reasons for this are unknown. 
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(1) GI values for groups A (0.348~0.331) and B (0.257~0.236) were calculated using nonlinear regression analysis, 
which had a negative correlation with SP content. The addition of stone powder increased the content of fine particles 
and was harmful for mixed aggregate gradation. 
(2) NMR experiments were conducted and found that the T2 relaxation time distribution of group A had three isolated 
peaks, while group B was almost consecutive. The pore throats were well developed and pore structure was more complex 
for group B. The pore structure of group A formed a micropores cluster and group B formed a micro-meso-pores cluster. 
NMR porosity of group B (15.245%~14.187%) was significantly higher than that of group A (1.734%~2.737%), while it 
had non-obvious relationship with stone powder content. 
(3) Based on NMR results, the fractal dimensions of micropores (A1~B4: 1.065~1.943), mesopores (2.96~2.984), 
and macropores (2.98~2.948) were calculated. Fractal dimension was positively correlated with stone powder content and 
porosity for micropores, which meant that stone powder increased the complexity of micropores, while it had a negative 
correlation with stone powder content for macropores. 
(4) Micropore fractal dimension had a negative relationship with UCS and GI. However, the impact of macropore 
fractal dimension on UCS and grading was the most significant and the relationship was the opposite than that of 
micropores. In addition, GI also had a positive correlation with UCS.
(5) The relationships between GI and macropore fractal dimension is related to other properties (except gradation) 
of SPCTB, such as the shape of mixed aggregates. The relationship is also between GI and UCS. Moreover, the reason 
why the strength in group A increased considerably faster than group B remains unknown. Finally, the impact mechanism 
of gradation on porosity and pore complexity are currently unclear. All of these questions need to be resolved through 
further relevant experimentation.
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摘要：本文分析了石粉水泥尾矿充填体的孔隙结构，量化了孔隙的分形维数，计算了混合骨料的分级指数（GI），并研究
了分级指数、孔隙结构与强度之间的关系，以描述其跨尺度特征。同时对石粉水泥尾矿充填体进行了一系列室内实验。基
于 Füller 理论推导了混合骨料（石粉和水泥尾矿）的 GI 公式。通过分形几何原理推导出了充填体的 NMR 分形维数。与中
孔和大孔分形维数相比，微孔分形维数与 NMR 孔隙率、孔结构复杂性、单轴抗压强度（UCS）、GI 等宏观特性之间的相
关性最为显著。大孔的分形维数通常与 UCS 和 GI 相关，而其他属性（例如混合骨料的形状）也影响分形维数。但中孔分
形维数与宏观特性没有明显的关系。最后，研究了 GI 和 UCS 之间的关系，这有助于改善充填体的强度和优化级配效果。
关键词：跨尺度特征；分级指数；分形维数；核磁共振；
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Thank you for your useful comments and suggestions on the language and the structure of our 
manuscript. We have modified the manuscript accordingly, and the detailed corrections are listed 
below point by point:
Response to comments on“Experimental study of the cross-scale characteristics of backfill 
material using NMR and Fractal Theory（TNMSC-2019-0665）”
Reviewer#1
1. I would like to thank authors for the submitted work. Authors were successful in explaining 
the obtained results in a smooth and scientific way. The only thing that needs to be enhanced in the 
manuscript is the introduction part, especially when it comes for the morphological investigation of 
cementitious materials. Following papers might help: (a) Al-Kheetan, M.J. and Rahman, M.M., 
2019. Integration of anhydrous sodium acetate (ASAc) into concrete pavement for protection 
against harmful impact of deicing salt. JOM, pp.1-11. (b) Al-Kheetan, M.J., Ghaffar, S.H., Madyan, 
O.A. and Rahman, M.M., 2020. Development of low absorption and high-resistant sodium acetate 
concrete for severe environmental conditions. Construction and Building Materials, 230, p.117057. 
(c) Al-Kheetan, M.J., Rahman, M.M. and Chamberlain, D.A., 2019. Fundamental interaction of 
hydrophobic materials in concrete with different moisture contents in saline environment. 
Construction and Building Materials, 207, pp.122-135. (d) Al-Kheetan, M.J., Rahman, M.M. and 
Chamberlain, D.A., 2019. Optimum Mix Design for Internally Integrated Concrete with 
Crystallizing Protective Material. Journal of Materials in Civil Engineering, 31(7), p.04019101.
Response: The introduction part in the manuscript has been modified as required.
Reviewer#2
1.Line 22: rewrite or delete this sentence.It is not appropriate to use group Numbers for 
comparison in the abstract. At this time, the reader does not know the difference between group A 
and group B.
Response: The sentence has been deleted. It is not appropriate to compare with group A and 
group B, because the reader does not know the difference between group A and group B.
2. the chemical composition of raw materials in table 2 is measured by XRF. Why is stone 
power the oxide content result and A and B the element content result? Figure 3 is the XRD pattern 
of the three raw materials, and it can be seen from table 2 that B contains 12.66% iron, which is 
relatively high. Why is there no characteristic peak of iron-containing materials in the XRD pattern?
Response: ①The tailings A and B are measured by XRF, and the stone powder is measured 
by XRD. The results of the two instruments are different.
②  The iron content of tailings B in Table 2 is only the content of the elements, while the 
analysis result of XRD of tailings B is shown in Figure 3. The XRD test results are oxide content. 
The XRD test results of tailings B is shown in the Figure below.  The oxide content of iron was 
not detected in the Figure below. It may be that the iron element in tailings B has not crystallized to 
form pyrrhotite.
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3. line 46 says that the raw material is poured in a cylindrical mold with a size of 500*100mm, 
but from the ruler of the sample in figure 4, it seems that the diameter of the sample is only 50mm?
Response: The size of 500*100mm is a wrong description, the right size is 50×100 mm. 
Namely, A total of 48 samples were collected (six samples from each group) and raw materials were 
mixed in a cylindrical column mold of 50×100 mm.
  Thank you again for your positive comments and valuable suggestions to improve the quality 
of our manuscript. We have resubmitted new version of manuscript in accordance with 
recommendations of the editor. We have addressed the comments raised by the reviewers, and the 
amendments are highlighted in red in the revised manuscript. We hope that the revision is acceptable 
and look forward to hearing from you soon.
With best wishes.
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